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1.  INTRODUCTION 


When  a rocket  or  thruster  exhausts  in  space,  there  is  a potential  of 
contamination  of  sensitive  surfaces  by  direct  mass  deposit  and  secondary 
effects.  The  prediction  of  contamination  and  its  effects,  although 
possible,  is  very  complex  and  difficult.  The  development  of  the  capability 
to  provide  basic  experimental  data  and  to  verify  the  advanced,  computer- 
ized models  used  in  the  analysis  is  a required  major  step  in  the  studies  of 
those  processes  leading  to  the  prediction  of  contamination  as  well  as  its 
effects  on  the  properties  of  spacecraft  surfaces. 

The  presence  of  contaminants  in  the  rocket  exhaust  is  highly  dependent  on 
the  type  of  engine.  Monopropellant  engine  exhausts  are,  in  general,  much 
cleaner  than  those  of  bipropellants,  and  in  this  sense,  one  should  be 
cautious  on  how  to  define  contamination,  detect  its  presence  and  measure 
its  deposition  rates. 

When  a monopropellant  hydrazine  engine  is  fired  in  vacuum,  nitrogen, 
hydrogen  and  ammonia  are  the  main  exhaust  components.  The  concentra- 
tion of  these  gases  depends  on  the  percentage  decomposition  of  the 
ammonia,  which  is  regulated  in  turn  by  the  desired  specific  impulse.  The 
interaction  of  hydrogen  and  nitrogen  with  sensitive  surfaces  never  consti- 
tutes a hazard  if  the  impinging  forces  and  heating  rates  are  kept  low. 
Ammonia  has  a very  low  vaporization  rate  at  temperatures  slightly  below 
80®K,  but  it  is  suspected  of  adhering  to  surfaces  at  temperatures  higher 
than  80* K when  in  the  presence  of  solar  UV  (due  possibly  to  polymerization 
of  ammonia  by  photon  participation).  Although  it  is  possible  to  have  con- 
tamination by  the  mechanism  described  above,  its  investigation  will  not  be 
covered  in  this  report  and  hereafter,  when  we  refer  to  contaminants  in 
hydrazine  engines,  we  will  refer  to  those  species,  other  than  N^,  or 
NHj.  appearing  as  traces  in  the  rocket  plume.  Even  if  the  contaminant 
levels  in  the  exhaust  are  very  low,  they  may  become  a problem  for  long-life 
missions  which  use  these  types  of  engines  for  Attitude  Propulsion 
Systems  (APS). 


1 


The  nature  of  the  contaminants  is  not  Known,  but  different  speculations  can 
be  made  based  on  the  understanding  of  the  physical  phenomenon  present  in 
the  decomposition  of  hydrazine.  Because  of  the  chemical  process  used  in 
the  preparation  of  hydrazine,  contents  of  water  and  aniline  up  to  a total  of 
1%  are  presently  accepted.  When  the  hydrazine  flows  through  the  catalytic 
bed,  the  aniline  probably  becomes  a hydrocarbon  and  the  water  may  remain 
water  or  become  ammonium  hydrates.  One  would  expect  that  the  engine 
duty  cycle  would  have  small  effect  on  the  spatial  distribution  of  this  kind  of 
contaminant,  since  its  presence  in  the  exhaust  is  only  weakly  coupled  to  the 
dynamic  processes  occurring  at  the  catalytic  bed. 

Another  source  of  contaminants  could  be  the  catalyst  itself.  Because  of  the 
strong  shear  forces,  small  particulates  can  be  torn  from  the  catalyst 
pellets.  This  effect  seems  to  be  small,  in  a new  engine,  and  can  be 
reduced  considerably  by  a careful  preparation  of  the  catalyst. 

A very  important  aspect  of  contamination  has  to  do  with  the  investigation  of 
how  much  unreacted  hydrazine  appears  in  the  exhaust.  This  concern  is  due 
to  the  continuous  findings  of  traces  of  hydrazine  in  chemical  analysis  of 
exhaust  gases.  This  would  be  caused,  probably,  by  the  short  residence 
time  of  hydrazine  in  the  catalyst,  mostly  at  the  start  of  a pulse  in  high  vacuum. 
The  relative  amount  of  hydrazine  in  the  exhaust  would  then  be  dependent 
upon  the  engine  duty  cycle,  particularly,  upon  the  width  of  the  on-time 
pulse. 

Finally,  a word  of  caution  should  be  added  to  emphasize  the  remarkable 
coupling  between  the  rocket  exhaust  flow  field  and  the  performance  of  the 
vacuum  chamber  when  a vacuum  simulator  is  used  as  the  environment 
wherein  contamination  measurements  are  performed.  A small  amount  of 
recirculation  in  the  chamber  will  distort  the  distribution  of  contaminants. 

This  is  particularly  true  for  studies  of  hydrazine  engines  in  which  the 
traces  of  contaminants  are  very  small.  That  is  the  reason  why  cryogenic 
chambers  with  very  high  pumping  rates  are  used,  and  in  particular,  if 
hydrogen  has  to  be  cryopumped,  simulators  with  walls  at  10*K  or  less  are 
necessary. 
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The  present  report  describes  a series  of  tesij  that  have  been  conducted  to 
quantify  the  contamination  potential  of  a small  hydrazine  engine.  A TRW 
FLTSATCOM  0,  44N  (0.  1 Ib^)  hydrazine  engine  was  used  for  these  purposes 
and  operated  by  firing  it  vertically  downward  in  an  ultra-high  vacuum 
chamber  (MOLSINK).  The  thruster  was  fired  in  a pulsing  mode.  Pulse 
widths  as  short  as  10  msec  and  off-times  from  50  msec  to  60  sec  were 
investigated.  Quartz  crystal  microbalances  were  used  as  detectors.  Five 
of  the  QCMs  were  mounted  below  the  engine  to  measure  contamination 
from  the  exhaust  products  mentioned  above.  The  QCMs  were  operated  at 
temperatures  from  223“K  to  323®K.  Another  set  of  seven  QCMs  were 
positioned  on  the  side  wall  of  the  chamber  and  run  at  10®K  to  provide  a 
mapping  of  the  plume  far  field  for  large  turning  angles,  with  nitrogen  flow- 
ing through  the  thruster. 

The  plume  mapping  portion  of  the  experiment  showed, as  found  in  earlier 
work  (14)  that  significant  mass  fluxes  are  encountered  in  regions  on  the 
plvune  belt  that  are  beyond  the  theoretical  Prandtl-Meyer  expansion  angle. 

This  finding  is  extremely  important  for  those  concerned  with  flight  instrumen- 
tation that  uses  cryostats  and  cryogenics  because  of  the  potential  cryotrapping 
of  thruster  exhaust  molecules. 

The  contamination  portion  of  the  experiment  did  not  show  any  significant 
deposits  when  the  crystals  were  operated  at  255'’K,  but  all  crystals  showed 
some  deposits  when  operated  at  228‘K.  The  amount  of  deposits  varied  from 
a few  molecular  layers  to  as  much  as  50,  depending  on  the  number  of  firings, 
and  they  could  be  critical  for  some  sensitive  flight  instruments  if  exposed  to 
these  deposits  in  a long  mission. 

II.  EXPERIMENTAL  VACUUM  FACILITY 

For  a proper  evaluation  of  the  experiment  and  a deeper  insight  into  the 
results,  a general  understanding  of  the  Molsink  facility  and  its  working 
principles  is  necessary.  One  of  the  major  problems  associated  with  the 
study  of  rocket  nozzle  plume  far  fields  and  contaminant  distributions,  is 
that  sensitivity  of  the  measurements  to  recirculation  effects  causes  strong 
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distortion  of  space  simulation.  Since  the  measurements  that  this  work  is 
concerned  with  dealt  with  far  field  plume  mapping  and  contaminant  deposi- 
tion rates,  the  Molsink  facility  was  selected  as  it  is  an  ultra-high  vacuum 
chamber  capable  of  cryopumping  injected  gases  at  a very  high  rate.  This 
facility  consists  of  a vacuum  chamber  and  associated  cryogenic  and  vacuum 
systems  (see  Figure  1).  The  vacuum  chamber  encloses  two  other  cham- 
bers: the  inner  liner  and  the  molecular  trap.  The  inner  liner  is  filled  with 
liquid  nitrogen  that  acts  as  a massive  heat  sink  (see  Figure  2).  The  molec- 
ular trap,  the  innermost  chamber,  is  a sphere  approximately  3m  (10  ft.  ) 
in  diameter,  maintained  at  a temperature  between  10  and  15*K  with  gaseous 
helium.  The  aluminum  moltrap  walls  are  wedge-shaped  resembling  an 
anechoic  chamber,  with  a total  surface  area  of  186  m (2000  ft  ).  Liquid 
nitrogen  is  supplied  to  the  inner  liner  from  a central  tank  and  vented  to  the 
atmosphere.  The  moltrap  is  cooled  by  a manifold  of  tubes  within  which 
gaseous  helium  circulates  at  approximately  7®K.  The  helium  is  kept  at 
this  very  low  temperature  by  a refrigerator  located  adjacent  to  the  chamber. 
The  chamber  walls  are  also  coated  with  titanium,  which  acts  as  a "getter" 
material  to  trap  helium  and  hydrogen  that  are  not  cryopumped  by  the  10*K 
surfaces.  The  amount  of  helium  and  hydrogen  that  can  be  pumped  is 
greatly  increased  by  coating  the  walls  with  a frost  of  gas  that  has  a rela- 
tively high  melting  point.  Under  this  condition,  the  frost  cryosorbs  helium 
and  hydrogen  at  a very  high  rate.  Carbon  dioxide  has  been  used  routinely 
for  such  purposes  in  Molsink  operations.  Generally  speaking,  only  a 
molecular  layer  of  hydrogen  is  cryosorbed  by  a frost  layer  and  therefore, 
a continuous  bleeding  of  carbon  dioxide  is  necessary  if  hydrogen  is  being 
injected  periodically  into  the  vacuum  chamber. 
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The  behavior  of  a rocket  plume  in  the  Molsink  can  be  described  by  compar- 
ing the  flow  field  in  space  and  inside  the  chamber  (see  Figure  3).  The 
rocket  exhaust  expands  freely  in  space  and  its  far  field  can  be  considered 
as  radial,  the  gas  molecules  sinking  thus  to  infinity.  If  a hypothetical  per- 
fect sink  surface  would  enclose  that  plume,  the  flow  field  enclosed  by  such 
surface  would  be  identical  to  one  experienced  in  space.  This  is  the  work- 
ing principle  of  the  Molsink  chamber.  However,  since  the  walls  of  the 
chamber  are  not  perfect  sinks,  a small  molecular  reflection  occurs.  This 
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reflection  results  in  a recirculation  that  could  degrade  the  space  simulation 
if  the  reflection  coefficient  were  allowed  to  grow.  The  molecular  trapping 
is  very  effective  for  gases  other  than  hydrogen  and  helium.  For  these  two 
gases,  the  cryosorption  rate  is  highly  dependent  on  the  wall  temperature, 
and  therefore  any  process  that  will  affect  the  wall  temperature  will  result 
in  a variation  of  the  chamber  background  pressure  once  the  hydrogen  has 
been  injected  into  the  chamber.  During  MOLSINK  testing  operations,  a cryo 
genic  environment  exists  inside  the  chamber.  To  operate  the  hardware 
inside  the  chamber,  thermal  control  is  necessary  for  items  such  as  pro- 
pellant lines  and  valves  that  are  sensitive  to  freezing.  These  warm  sur- 
faces are  protected  from  radiation  cooling  losses  by  appropriate  shielding, 
while  the  heat  conduction  losses  remain  negligible  if  good  insulation  and 
low  pressure  are  maintained  in  the  chamber.  If  for  some  reason  the 
hydrogen  sorption  onto  the  wall  is  diminished,  any  additional  hydrogen 
injected  into  the  chamber  will  reduce  the  vacuum,  resulting  in  an  increase 
in  heat  conduction  losses.  This  causes  an  additional  warming  of  the  walls 
which  results  in  more  hydrogen  desorption.  This  phenomenon  has  an  expo- 
nential growth  and  results  in  the  rapid  desorption  of  hydrogen  from  the 
walls  occurring  within  a matter  of  seconds;  it  will  be  referred  to  hereafter 
as  the  "avalanche  effect". 


The  MOLSINK  chamber  has  two  doors.  The  upper  door  is  used  as  a feed- 
through for  the  propulsion  system  lines  and  thermal  control  elements.  The 
door  makes  a relatively  small  aperture  in  the  moltrap  surface.  The  bottom 
door  temperature  can  rise  as  high  as  200® K,  and  there  was  concern  that 
when  the  exhaust  plume  impinges  on  this  door  some  material  could  be  scat- 
tered back  and  degrade  the  space  simulation.  To  eliminate  this  problem, 
a copper  cone  was  located  above  the  door  and  cooled  with  liquid  nitrogen  or 
liquid  helium  as  desired.  With  this  technique,  one  can  control  the  bottom 
door  temperature,  and  maintain  the  deposited  frost  as  a very  thin  film  by 
collecting  the  excess  in  a "cold  bucket"  around  the  rim  of  the  cone  (see 
Figure  4).  More  information  about  the  facility  can  be  found  in  References 
(1),  (2)  and  (3). 
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m.  PROPULSION  SYSTEM 


A TRW  0.44N  (0.  1 lb)  thruster -valve  assembly  was  made  available  by 
AFRPL  for  this  experiment.  The  TRW  Flightweight  Thruster  FLTSATCOM 

0. 44.  (0. 1 lb)  has  the  characteristics  listed  in  Table  1.  The  nominal  tem- 
peratures of  the  thermally  controlled  components  of  the  propulsion  system 
are  listed  in  Table  2.  The  valve  is  a dual  soft  (Teflon)  seat,  dual  coil 
solenoid  valve  using  AF-E -4 11  seat  material.  Two  manufacturers,  Parker 
and  Allen,  produce  tliis  propellant  valve. 

The  thruster  was  fabricated  for  TRW  in  November  1973  and  prior  to  this 
experiment  was  subjected  to  the  following  tests  during  the  TRW  IR&D 
programs: 

1.  Acceptance  Test 

2.  Delta  1900  Launch  Vibration  Test 

3.  Cold  Start  Test  (<10000  pulses,  7200  cold  starts  at  277, 4®K  (40*F)) 

4.  Baseline  Performance 

Therefore,  at  the  time  of  the  MO’^iSINK  tests,  the  thruster  had  gone  about 
10,  000  pulses.  The  valve,  on  the  other  hand,  had  accumulated  350,  000 
pulses,  although  its  functioning  proved  to  be  satisfactory.  A view  of  the 
thruster  valve  assembly  is  shown  in  Figure  5 and  more  information  on  the 
unit  can  be  found  in  Reference  4. 

A propulsion  module,  control  box,  valve  driver  and  timing  device  were  fab- 
ricated at  JPL  for  this  particular  experiment.  At  the  time  of  the  test, 
however,  they  were  not  available  yet  and  other  JPL  material  was  used  to 
operate  the  propulsion  systems.  The  AFRPL  propulsion  module,  its  con- 
trol box  and  valve  driver  are  presented  in  a separate  document  which 
describes  follow  on  effort,  and  that  will  be  published  in  the  near  future. 

The  JPL  propellant  feed  module  was  available  from  past  experiments  (see 
Ref.  5).  The  module  was  located  at  the  top  of  the  MOLSINK  chamber  near 
the  upper  door,  and  the  operations  were  commanded  by  remote  control  from 
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steady  State  Inlet  Pressure,  N/m  (psia) 

9.646  X 10^  (140.  0) 

Steady  State  Thrust  Level,  N (lb,) 

0.44  (0.  1) 

Steady  State  Chamber  Pressure,  N/m  (psia) 

6.  06  X 10^  (88.  0) 

Catalyst 

Shell  405,  25-30  mesh 

Nozzle  Expansion  Area  Ratio 

60:1 

Throat  Diameter,  cm  (in. ) 

0.  076  1'.  030) 

Injector  Type 

Head  Space  Injector 

Steady  State  1^^,  N-S/Kg  (Ib^-s/lb^) 

2548.  0 (260.  0) 

Table  2.  Nominal  Temperatures  of  Thermally  Controlled  Components 


System 

Temperature  (°C) 

Fuel  Lines 

20  - 30 

Filter 

20  - 30 

Solenoid  Valve 

20  - 30 

Catalyst  Bed 

200 

QCMs 

Variable  (-50" C to  50’C) 

the  lower  floor  of  the  facility,  after  the  propellant  tank  was  pressurized.  5 

? 

A Techtronics  waveform  generator  and  pulse  generator  were  used  to  J 

I 

operate  the  thruster  valve.  | 

I 

f 

The  engine  and  the  valve  were  instrumented  with  several  thermocouples  and  | 

a coiled  coaxial  electrical  heater.  With  this  arrangement,  thermal  control  | 

of  the  engine  catalyst  bed  could  be  maintained,  while  temperature  readings  • 

of  the  throat,  catalyst  bed  and  other  locations  of  interest  on  the  thruster/  I 

i 

valve  assembly  could  be  obtained.  The  volume  of  the  pressure  tap  in  the  I 

nozzle  inlet  was  eliminated  by  positioning  an  appropriate  needle  in  its  i 

1 

interior,  and  the  performance  of  the  engine  was  judged  by  observing  the  f 

I 

temperature  reached  at  certain  standard  duty  cycles  previously  checked  in  ; 

other  tests.  A schematic  diagram  of  the  propulsion  subsystems  that  were  j 
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located  inside  the  chamber  is  shown  in  Figure  6a.  The  fuel  is  introduced 
through  valve  VF3,  filling  both  lines  with  hydrazine  from  the  solenoid  valve 
to  valve  VNl.  The  line  containing  VNl  is  used  as  a gaseous  nitrogen  purge. 
Both  the  fuel  and  purge  line  are  packaged  together  and  share  the  same 
thermal  environment.  This  environment  is  controlled  by  a series  of  thermo- 
couples distributed  along  the  fuel  lines  and  attached  to  them.  Thermo- 
couple cabling  and  fuel  lines  are  encapsulated  in  an  aluminum  tube.  The 
thermocouples  control  several  low  outgassing  Kapton  film  heaters  (manu- 
factured by  Electrofilm,  Inc. ) wrapped  around  the  aluminum  tube.  The 
fuel  lines  are,  in  this  manner,  thermally  controlled  by  radiation.  The 
same  type  of  heaters,  as  well  as  additional  spot  heaters,  were  used  to 
thermally  control  the  thruster  valve  assembly  described  earlier  (see  Fig- 
ure 6b). 


A schematic  diagram  of  the  propellant  feed  mojlule,  fuel  and  purge  lines 
and  hydrazine  valving  system  is  given  in  Figure  7. 

The  CO2  injection  system  cc^sisted  of  a nozzle-plenum  assembly  located 
near  the  top  of  the  chamber.  The  flow  of  CO2  was  controlled  b.y  a solenoid 
valve  operated  by  a relay  which  in  turn  was  energized  by  a pulse  generator 
synchronized  by  the  Techtronics  equipment  of  the  engine  valve  driver  ;-.ys- 
tem.  The  CO2  solenoid  valve  could  also  be  operated  manually,  providing 
a flexible  injection  system.  The  CO^,  supplied  from  a K bottle,  was  fil- 
tered by  20p  and  Ip  filters,  in  order  to  minimize  undesired  contamination 
introduced  in  the  chamber. 

IV.  INSTRUMENTATION 


Quartz  Crystal  Microbalances  were  used  to  measure  the  contaminant  mass 
deposits.  Because  of  the  particular  characteristics  of  this  experiment, 
two  different  types  of  temperature  compensated  QCMs  were  designed.  The 
working  principles  and  the  details  of  the  QCM  design  and  operation  follow. 
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A.  QCM  Working  Principles 


A QCM  consists  of  an  electronic  oscillator  whose  resonance  frequency  is 
stabilized  by  the  piezoelectric  effect  of  a quartz  crystal.  The  resulting 
resonance  frequency  depends  on  several  parameters,  but  if  one  fixes  the 
oscillator  circuit  constants  and  polarization  voltages,  the  specific  modes 
of  crystal  vibration  will  depend  only  on  the  orientation  of  the  cut  plate  with 
respect  to  the  crystal  axes.  For  QCM  action  the  AT  cut  is  used,  which 
yields  a thickness  vibration  resonant  mode  of  about  5 MHz.  Depending  on 
the  angle  of  the  AT  cut,  the  p.-ccise  resonance  frequencies  will  depend  both 
on  the  mass  deposited  on  the  surface  of  the  crystal  and  the  temperature. 

If  the  crystal  experiences  a variation  in  temperature  AT  and  a mass  vari- 
ation AM,  the  u-equency  shift  can  be  expressed  as: 


Af  = Cj^jAM  + C.J.AT 


(1) 


where  Cj^  and  C.p  are  the  mass  coefficient  and  temperature  coefficient  of 
the  crystal,  respectively. 

In  general,  C,^  and  C.p  depend  on  the  temperature  and  cut  angles  of  the 
crystals.  If  a cut  angle  is  chosen  such  that  C,p  = 0 for  some  range  of  tem- 
perature, then  Af  = C^^AM  and  the  crystal  can  be  used  as  a delicate  micro- 
balance  to  dettct  and  measure  small  masses  deposited  on  the  surface.  l! 
turns  out  that  for  a considerable  change  in  temperature  and  cut  angle,  the 
mass  coefficient  does  not  vary  more  than  5%,  and  one  can  use  the 
expression 


AM  = ^ 4,30  X 10"^ 

FI 


(2) 


for  all  practical  purposes,  where  AM  = mass  deposits  in  g/cm  , Af  = 
frequency  shift  in  Hz,  and  = resonant  frequency  in  MHz.  A derivatio 
of  Equation  (2)  is  found  in  Appendix  A. 

An  illustration  of  the  crystal,  along  with  the  location  of  one  of  the  elec- 


elementary  treatment  of  the  crystal  oscillators,  a:;,  well  as  crystal 
nomenclature,  one  can  consult  any  standard  electr  mics  textbook.  An 
accounting  of  microbalance  applications  can  be  found  in  References  6-12. 


B.  Temperature  Compensation 

As  indicated  abovi  > since  mass  deposits  correlate  with  frequency  shift,  it 
is  necessary  to  select  a crystal  cut  that  makes  C-p  = 0 for  the  anticipated 
temperature  variation  range.  Although  this  is  untainable  for  some  applica- 
tions, in  most  cases  the  frequency  spectrum  of  the  crystal  becomes  so 
complicated  that  the  interpretation  of  the  readings  is  very  difficult. 

Bartera  (Ref.  13)  has  designed  a particular  arrangement  that,  in  spite  of 
its  simplicity  provides  a very  efficient  temperature  compensation  (see 
Fig.  9). 

Consider  two  crystals,  No.  1 and  No.  2,  both  exposed  to  mass  deposit  and 
temperature  variation.  The  corresponding  change  in  frequency  can  be 
written  as: 


Afi  = Cj^^  AMj  + C.j.^  AT^ 


(3) 


If  both  crystals  have  identical  piezoelectric  properties  and  are  kept  at  the 
same  temperature,  then 


= C..  , C.T'  = Crr,  . and  AT,  = AT, 

Ml  Ti  T^  12 


(4) 


Subtracting  Equations  (3)  and  taking  Equation  (4)  into  account,  we  have 


AF  = Afj  - Af^  = (AMi  - AM^) 


(5) 
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and  if  one  of  the  crystals  is  protected  from  mass  deposits  in  such  a way 
that  ~ then  have 


AF  = AM^ 


that  is,  the  beat  frequency  shift  AF  of  both  crystals  can  be  easily  corre- 
lated with  the  mass  deposits  on  one  of  them.  The  conditions  just  described, 
namely  Tj,  = identical  piezoelectric  constants  and  M2  = 0 are  achieved 
if  one  adopts  the  arrangement  described  in  Figure  9.  A doublet  crystal 
plate  is  cut  and  polished.  Gold  electrodes  are  deposited  on  one  side,  in 
the  form  indicated  by  the  figure,  while  a rectangular  electrode  which  is 
common  to  both  parts  of  the  doublet  is  used  on  the  other  side.  Under  these 
premises,  and  if  the  crystals  are  driven  at  low  voltage,  one  can  have  two 
independent  crystal  oscillators.  By  protecting  one  of  them  from  mass 
deposit  with  a screen  optically  thin  to  the  environment  radiation,  the  beat 
frequency  shift  of  both  crystals  can  be  expressed  as 


AF  = AM^ 


as  it  was  originally  intended. 


C.  QCM  Unit  Design 

The  design  criteria  of  QCMs  are  very  much  dependent  on  the  particular 
application  for  which  the  QCM  is  intended,  and  the  particular  environ- 
mental and  operating  conditions  under  which  it  will  be  operating. 


The  two  experiments  of  concern  in  the  present  task:  plume  far  field  map- 
ping and  rocket  exhaust  contaminant  distribution  measurements,  require 
two  different  QCM  concepts.  In  the  mapping  of  the  plume  far  field,  one  is 
interested  in  operating  the  QCM  at  extremely  low  temperatures  in  order  to 
have  sticking  coefficients  of  the  plume  gases  as  close  to  1 as  possible.  On 
the  other  hand,  when  Investigating  rocket  exhaust  contaminant  distribution. 


one  is  often  interested  in  operating  the  QCMs  at  different  constant 
temperatures,  with  the  additional  capability  to  sweep  working  temperatures 
from  NH^  condensation  temperature  to  room  temperature.  These  two  kinds 
of  applications  give  rise  to  two  QCM  concepts: 

1.  Low  Temperature  QCMs  - The  design  responds  to  the  need  to  measure 
small  deposition  rates  of  nitrogen.  The  plume  of  a certain  thruster  is 
simulated  by  blowing  nitrogen  through  the  nozzle  in  steady  state.  A set  of 
very  cold  QCM' s are  positioned  on  the  walls  of  the  vacuum  chamber  and 
their  readings  monitored.  From  the  slope  of  the  frequency  time  curves, 
one  can  infer  the  mass  flow  rate  per  unit  solid  angle  which  is  the  function 
of  interest  in  plume  far-field  studies.  In  order  to  accomplish  these 
measurements,  the  mass  collecting  surface  of  the  QCM,  which  is  the 
electrode  of  the  quartz  crystal,  has  to  be  extremely  cold.  A general  prac- 
tice in  MOLSINK  environment  has  been  to  cool  the  QCM  by  thermally  con- 
necting it  to  the  MOLSINK  walls.  Special  care  has  to  be  adopted  tp  retain 
good  frequency  stability  at  these  very  low  temperatures.  To  this  end,  the 
components  of  the  electronics  used  in  these  QCM  units  were  carefully 
selected  by  observing  the  deviation  of  their  design  electronic  constants 
when  operated  at  liquid  Helium  temperatures,  and  rejecting  chose  that 
showed  excessive  departure.  The  acceptance  criterion  was  an  overall 
stability  of  better  than  1 Hz  in  5 MHz  in  the  output  frequency.  Fig- 
ures 10a  and  10b  show  two  different  views  of  a low  temperature  QCM  unit. 
One  can  distinguish  4 main  components:  the  crystal,  the  electronics,  the 
thermal  control  parts,  and  mechanical  mountings.  The  crystal  consists 
of  a doublet  quartz  plate  (AT  cut  angle  of  40“ 28')  with  two  circular  elec- 
trodes on  one  side  and  a common  rectangular  electrode  on  the  other  side 
(see  Figures  11a  and  11b).  This  crystal  cut  has  a small  C,p  coefficient  at 
low  temperature.  Additionally,  temperature  compensation  is  implemented 
by  mounting  them  on  an  aluminum  block  by  a set  of  "hairbrush"  gold  wires  . 
which  are  glued  to  the  common  electrode  by  a high  thermal  conductivity, 
low  outgassing  silver  epoxy.  Two  gold  wires  connect  the  crystal  electrodes 
to  two  heat  sinks  and  from  there  they  extend  to  the  electronics  package,  A 
schematic  diagram  of  the  electronics  circuit  is  given  in  Figure  12,  In  the 
same  figure  one  can  identify  the  solid  state  components  that  have  been 
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used.  The  electronics  were  packaged  in  a small  box  attached  to  the  QCM 
collimator  and  insulated  from  it  by  a small  Teflon  plate.  Attached  to  the 
electronics  box  and  for  convenience  of  operations  during  actual  measure- 
ments, there  is  a spot  heater  to  control  the  temperature  of  the  electronics 
in  the  event  of  some  malfunction  of  the  components  due  to  extremely  low 
temperatures.  The  QCM  collimator  consists  of  a copper  plate  that  houses 
the  quartz  crystal.  The  copper  plate  has  two  apertures  one  of  which 
exposes  the  sensitive  area  of  half  of  the  common  electrode,  and  the  other 
one  is  covered  with  a piec-^  of  mylar.  The  aluminum  mounting  block  is 
equipped  with  a spot  heater  and  one  thermocouple  connected  to  one  of  the 
heat  sinks.  With  this  arrangement,  one  can  thermally  desorb  the  QCM 
from  any  deposited  material  v/hen  the  crystal  surface  is  overloaded.  (Over- 
load on  the  crystal  surface  can  cause  false  reading  and  eventually  total 
damping. ) The  mounting  block  ends  in  a fork  to  confo.  n with  the  wedge- 
shaped  Molsink  chamber  wall  fins.  The  whole  unit  is  cooled  by  the  chamber 
walls  and  when  it  operates  in  vacuum  and  at  10®K,  stabilities  of  0.  1 Hz  are 
often  obtained.  Seven  of  these  units  were  fabricated  and  installed  on  the 
walls  of  the  Molsink  chamber  with  their  active  crystal  face  oriented  towards 
the  thruster.  The  details  of  their  positions  and  wiring  will  be  given  in 
Section  V. 

2.  Variable  Temperature  QCMs  - This  QCM  design  responds  to  the  need 
to  have  very  precise  readings  at  different  fixed  temperatures.  When  a 
monopropellant  rocket  exhaust  contains  contaminants,  one  does  not  know  in 
advance  the  condensation  temperature  of  the  contaminants.  In  order  to 
selectively  sample  the  contaminants  by  condensation  trapping,  the  QCMs 
are  exposed  to  the  plume,  and  their  outputs  monitored  while  they  are 
operated  at  consecutively  decreasing  isotherms. 


A 35®  10'  AT  cut  crystal  doublet  was  prepared  and  mounted  on  a small 
aluminum  block  similar  to  the  low  temperature  QCMs  (see  Fig.  13).  The 
35®  10'  crystal  cut  is  known  to  have  a low  temperature  coefficient  at  room 
temperature.  Temperature  compensation  is  achieved  by  the  technique 
described  earlier  and  the  gold  wire  hairbrush  mounting  absorbs  any  thermal 
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stresses  that  would  otherwise  cause  mechanical  failure  of  the  crystal; 
notice  that  good  thermal  conductance  from  the  block  to  the  crystal  is  still 
maintained.  Two  photographs  of  a variable  temperature  QCM  can  be  seen 
in  Figures  14a  and  14b.  The  QCM  unit  was  provided  with  heaters  which 
were  controlled  by  a copper-constantan  thermocouple  located  in  the 
proximity  of  one  of  the  heaters,  while  the  crystal  temperature  was  moni- 
tored by  a similar  thermocouple  located  in  the  crystal  mounting  block.  The 
unit  was  covered  with  a teflon  block  collimator  provided  with  two  circular 
apertures.  One  of  these  apertures  was  used  to  collect  and  collimate  the 
oncoming  gases  while  the  other  was  covered  with  a transparent  piece  of 
mylar.  A small  coupon  of  Kapton  was  attached  to  the  teflon  block  near  the 
collimating  hole.  The  QCM  readings  will  indicate  the  amount  of  mass 
deposit  on  them,  but  they  do  not  give  any  information  about  the  nature  of 
the  contaminants,  other  than  the  vaporization  rates.  As  an  aid  to  the 
identification  of  the  contaminants,  and  because  of  its  preferential  chemical 
activity  to  vapors  while  being  inert  to  NH^,  Kapton  coupons  were 

thought  helpful  in  identifying  traces  of  hydrazine. 

V.  GENERAL  ARRANGEMENT  OF  THE  EXPERIMENT 
A.  Propulsion  Systems 

The  propulsion  systems,  as  described  in  Section  III  were  in'{t?viied  in  the 
chamber  as  depicted  in  Figure  4.  The  engine  was  located  at  the  axis  of  the 
chamber,  with  the  nozzle  exit  located  V:,  Z cm  (28'')  from  the  top  of  the 
chamber  and  pointed  downwards.  A per  .pective  of  the  thruster,  its  instru- 
mentation and  thermal  insulation  is  prese:-»ted  in  Figure  15.  The  thruster 
was  mounted  on  a vertical  bracket  supp..>r;ed  by  a horizontal  set  of  bars  in 
”T"  form.  The  fuel  lines  and  thruster  valve  were  covered  by  aluminum 
foil  in  order  to  prevent  excessive  radiative  ,'osses.  Maximum  thermal 
insulation  was  utilized  for  all  components  Ic  minimize  heat  leaks  to  the 
walls.  Heater  wiring  and  solenoid  valve  cabling  were  collected  between 
the  propellant-lines  tube  protector  and  the  aluminum  foil  wrapping  (see 
Figure  6b).  They  were  extracted  from  the  chamber  by  feed-throughs  located 
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at  the  top  door  of  the  MOLSINK.  Figure  1 6a  shows  a view  of  the  MOLSINK 
top  door  during  installation,  and  Figure  16b  shows  a view  of  the  arrange- 
ment of  the  propellant  feed-module  fuel  lines  and  chamber  top  door  during 
operations.  The  cabling  of  the  four  chromel-alumel  thermocouples  installed 
on  the  thruster  were  passed  through  the  top  door  and  fed  into  a cold  refer- 
ence junction  located  near  the  propellant  feed  module.  The  wires  of  the 
copper-constantan  thermocouples  located  on  the  fuel  lines  were  passed 
inside  the  supporting  tube  and  collected  together  with  the  wires  of  similar 
thermocouples  associated  with  the  thermal  control  of  the  propulsion  sys- 
tems. The  cables  were  collected  in  a 36  pin  connector  feed-through  at  the 
bottom  door  of  the  MOLSINK,  from  there  to  the  cold  reference  junctions, 
and  then  to  the  data  systems.  Periodic  readouts  and  dynamic  thermal  con- 
trols were  installed  for  convenience  and  safety  of  the  operations. 

B.  QCM  Systems 

Seven  low  temperature  QCMs  were  installed  in  the  chamber  as  shown  in 
Figures  17a  and  17b.  Five  of  them  were  mounted  on  the  same  vertical  sec- 
tion of  the  chamber  (Fig.  1 7a),  and  two  others  on  another  vertical  section 
located  in  a plane  perpendicular  to  the  first  section  (Figure  17b).  Fig- 
ure 18  shows  a photograph,  looking  upwards,  of  the  thruster  and  several 
low  temperature  QCM's.  The  QCM's  were  mounted  on  the  fins  of  the  walls 
and  oriented  towards  the  thruster.  Details  of  a QCM  mounted  on  the  fins, 
its  wiring  and  nearby  environment,  can  be  seen  in  Figure  19.  All  the 
materials  used  in  its  construction,  n.ounting  and  wiring  have  extremely  low 
outgassing  rates  in  vacuum.  Notice  the  absence  of  any  non- functional  items 
in  its  proximity,  and  the  general  compactness  and  cleanness  of  any  surface 
exposed  to  plume  impingement. 


Five  variable  temperature  QCMs  were  mounted  on  an  aluminum  bar  located 
across  the  chamber  as  depicted  in  Figures  4 and  17b.  A view  of  the  set  of 
QCMs  as  seen  from  the  thruster  (looking  downward)  is  seen  in  Figure  20, 
The  QCMs  are  identified  with  the  letters  A,  B,  C,  D,  E.  The  electronics 
and  heater  wiring  of  all  the  QCM  units  were  extracted  through  the  bottom 


15 


door,  and  from  there  channeled  to  the  data  systems  and  control  panels.  The 
copper -constantan  thermocouples  of  all  the  QCMs  (a  total  of  18)  were  fed 
through  a 36  pin  connector  and  then  sent  to  the  reference  junctions  of  the 
data  systems  and  thermal  controllers.  The  heater  controlling  thermo- 
couples of  the  variable  temperature  QCMs  dynamically  controlled  the  tem- 
perature of  the  QCMs  units.  The  actual  setting  of  the  control  point  for 
these  heaters  was  determined  by  readings  from  thermocouples  located  near 
the  crystals.  A backup  data  system  was  continuously  displaying  the  fre- 
quency and  temperature  readings  of  the  5 QCMs  used  for  contaminant 
mapping. 

C.  Data  Acquisition  System 

1.  DC  Signals.  Signals  from  the  thermocouples  and  pressure  transducers 
were  fed  into  a cross-bar  switch  and  then  into  a digital  voltmeter.  The 
digitized  signal  then  entered  a Hewlett- Package  Data  Acquisition  System 
which  drives  a teletype.  Only  the  printing  option  of  the  teletype  was  used 
in  this  experiment. 

2.  AC  Signals,  The  signals  from  the  QCMs  were  input  into  a board  of  RF 
relays,  which  are  controlled  by  the  same  cross-bar  switch  used  for  DC  sig- 
nals. The  actual  readings  were  made  with  a fixed  delay  to  avoid  the  noise 
from  the  relay  closure.  The  signal  was  fed  into  a differential  amplifier 
(which  eliminated  the  chamber  ground  noise)  and  which  had  a good  selec- 
tivity in  band  amplification.  A programmable  counter  digitized  the  signal 
and  fed  it  into  the  data  systems  in  an  analagous  manner  as  the  digitized  DC 
signals. 

The  data  systems  could  handle  these  numerous  AC  and  DC  signals  by  multi- 
plexing them  through  the  cross-bar  switch  and  the  RF  relays. 

VI.  PROCEDURES 


All  the  thermal  controls  were  set  at  nominal  temperatures.  The  chamber 
doors  were  closed  although  conductance  between  the  inner  and  outer 


chambers  was  maintained  through  the  upper  and  lower  intermediate  doors. 

The  facility  is  equipped  with  a mechanical  pump  and  diffusion  pump.  The 

• - 1 2 - 3 

mechanical  pump  brought  the  vacuum  to  1.  33  x 10  N/m  (10"  torr)  and 

- 3 2 - 5 

the  diffusion  pump  continued  it  to  1.33  x 10  N/m  (10"  torr).  After  leak 
checking,  liquid  nitrogen  was  introduced  into  the  inner  liner  of  the  chamber. 
This  brought  the  temperature  of  the  inner  liner  and  molecular  trap  to  80* K 
at  the  end  of  another  24  hours.  At  this  point,  the  pressure  in  the  chamber 
was  down  to  1.33  x 10“  N/m  (10"  torr),  and  the  helium  refrigeration 
system  was  started.  At  the  end  of  8 hours  the  moltrap  temperature  reached 
10*K  and  the  pressure  in  the  inner  chamber  had  an  overall  low  of  1.  33  x 
10  N/m  (10  torr)  pressure.  At  this  time  the  facility  was  at  its  nom- 
inal high-vacuum  operating  mode  and  the  calibration  and  test  procedures 
were  started.  The  systems  were  checked  by  flowing  gases  through  the 
auxiliary  CO^  injection  system  nozzle  and  several  runs  on  the  data  systems 
were  obtained  until  all  the  systems  were  debugged,  coordinated  and 
properly  interfaced.  Details  of  the  test  itself  are  given  in  Sect  x VII, 

VII.  RESULTS 

A.  Far-Field  Plume  Mapping  Test 

The  mapping  of  the  far-fieid  of  the  thruster  plume  for  large  turning  angles 
has  considerable  interest  in  contamination  studies.  Also  for  calibration 
purposes,  it  is  convenient  to  take  measurements  for  smaller  turning 
angles.  To  this  end,  seven  low  temperature  QCMs  were  placed  in  the 
chamber  as  shown  in  Figures  17a  and  17b.  These  QCMs  are  mounted  in 
the  chamber  in  very  good  thermal  contact  with  the  tubings  of  GHe  that  cool 
the  moltrap.  In  this  manner  temperatures  as  low  as  10*K  are  reached  on 
the  crystals,  and  condensation  trapping  with  sticking  coefficients  of  1 are 
not  unusual  if  no  hydrogen  or  helium  trapping  is  attempted.  Hydrazine 
thrusters,  however,  contain  in  their  exhaust  a significant  portion  of  hydro- 
gen (up  to  55%  in  the  plume)  and  although  trapping  of  the  nitrogen  and 
ammonia  is  very  effective,  the  hydrogen  is  only  partially  cryosorbed  on 
the  crystal  face,  distorting  the  readings.  Past  analysis  of  backflow  from 
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small  nozzles  (see  Ref.  14)  indicates  that  the  type  of  gas  does  not  influence 
the  backflow  data  drastically.  For  these  reasons,  one  would  think  that  a 
practical  way  to  define  the  extent  of  the  plume  could  be  implemented  by 
flowing  an  inert  gas  through  the  thruster  and  then  conduct  the  measure- 
ments. Nitrogen  appears  to  be  the  most  convenient  gas  to  work  with  from 
the  operational  point  of  view.  A set  of  steady  state  runs  were  performed 
by  running  the  engine  at  200*  C and  varying  the  plenum  pressure.  The  data 
of  each  run  was  cyclically  recorded  every  11  seconds  by  six  of  the  QCMs 
(one  of  them,  crystal  V,  became  quickly  saturated  and  unoperational  due  to 
high  deposition  rate).  The  signal  of  each  QCM  in  each  run  was  then  plotted 
versus  time  (see  Fig.  21)  and  a characteristic  number. 


En.f.. 

J 



N 

i:"j 

j=i 


was  assigned  to  each  QCM  for  each  run,  where  fj^  is  the  slope  of  frequency- 
time curve  encountered  m times  during  the  run  for  QCM  i and  where  N is 

the  total  number  of  readings.  Also,  (f..)  and  (f..)  . are  recorded. 

. ' ji  max,  ' ji'min 

The  rates  of  frequency  change  f.,  (f..)  , (f..)  are  converted  to  mass 

^ ^ ' ji'max  ji'min 

deposition  rates  by  formula  (2),  i.e.. 


df/ dt 
^2 


4.  3 X 10' 


where-^p-is  now  the  mass  deposition  rate  on  the  crystal  surface  in 
g/cm^/sec.  If  one  corrects  this  reading  for  the  distance  r and  orientation 
angle  4>  (see  Fig.  22),  the  mass  flux  per  unit  solid  angle  is  obtained  if 
radial  flow  is  assumed  in  the  far  field. 


[dm\  _ df/dt  „ , 
llsT/  - (4.  3 X 1 

^ c 
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One  of  the  functions  of  interest  in  far -field  plume  definition  is  the  mass 
flow  rate  per  unit  solid  angle  normalized  at  the  centerline  of  the  plume 

where  0 is  the  turning  angle  (see  Fig.  22). 

The  function  f{0)  has  received  considerable  attention  in  the  literature,  and 
the  data  in  this  report  has  been  reduced  to  provide  information  about  this 
function.  The  value  of  {dm/dSl)^  _ ^ obtained  by  the  Hill  and  Draper 
scheme  (Reference  15)  has  been  adopted,  and  the  resulting  data  compared 
with  the  f(0)  proposed  by  those  investigators,  i.  e. , 


where 


f(0)  = exp  |-[x.^(l  - cos 


\ = (1  . Cp/C„  )T 

L F F max  J 


where  Cp,  the  thrust  coefficient,  is  given  by 


2 , X Y±I 

1 fp;e\  y Pe 
'-1  \Y+iy  ■ \Po/  Po 

L 


and  C„  ^ is  given  by 
F max  “ ’ 


'F  max 


is  the  plume  slenderness  coefficient,  and 


/dm\  ^ ” 
0=0  TT 
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is  the  mass  normalization  factor  at  the  axis  centerline  and  m = nozzle 

w 

total  mass  flow  rate.  The  data  is  presented  in  Figure  23  in  semilogarithmic 
scale,  i.  e. , 

f(0)  = 10“^M^®^  (14) 

where  K. , is  the  mass  coefficient. 

M 

Four  different  plenum  pressures  were  run,  and  the  results  have  been 
plotted  (see  Figures  23)  versus  the  Hill  and  Draper  approximation  only  as 
a reference,  and  no  intention  of  correlation  with  theory  has  been  attempted 
at  this  point. 

B.  Plume  Contaminant  Mapping  Results 

The  data  was  collected  at  fixed  intervals  (10  minutes  during  standby  pro- 
cedures and  3 minutes  during  thruster  operation).  Due  to  the  complexity 
of  the  experiment,  approximately  100  parameters  were  printed.  Only  the 
temperature  and  frequency  readings  of  QCMs  A,  B,  C,  D,  E will  be  pre- 
sented in  this  report,  since  the  other  parameters  are  connected  only  with 
the  surveillance  of  the  propulsion  and  facility  systems,  and  the  low  temper- 
ature QCMs  were  promptly  saturated.  The  QCM  outputs  have  been 
arranged  in  such  a manner  that  an  increase  in  beat  frequency  corresponds 
to  mass  deposit  on  the  crystal,  except  inQCM/D,  where  a decrease  in 
frequency  correlated  with  a mass  deposit.  The  frequency  is  expressed  in 
Hz  and  an  approximate  equivalence  between  Hz  and  molecular  layers  for 
several  gases  is  given  in  Table  3.  Th.';  table  has  been  obtained  by  assuming 

a 0.  3 nm  (3A)  separation  between  molecules  and  applying  equation  (2)  for 
AM  given  in  Section  IV.  The  data  are  presented  graphically  in  Fig- 
ures 24-36.  They  are  presented  by  calendar  days  with  an  8 hr.  overlap 
i.  e. , from  0000  hr  to  0800  hr  of  the  following  day.  In  each  graph  one  can 
see  the  temperature  and  beat  frequency  variations  during  the  day,  together 
with  the  engine  duty  cycle  and  facility  activities.  One  graph  is  presented 
for  each  QCM,  with  a total  of  five  graphs  per  day. 


Table  3.  Frequency-Mass  Equivalence 


F = 5 MHa 
c 


{Approximate  Resonant 
Frequency  of  Single  Crystal) 

1 Hz  Equals  X Molecular  Layers 


The  measurements  took  place  at  two  different  temperatures.  Figures  24-27 
display  the  results  for  the  QCM  temperatures  in  the  neighborhood  of 
255' K,  and  Figures  28-33  correspond  to  values  of  228' K.  The  rest  of  the 
data  shown  in  Figures  34-36  show  the  history  of  the  chamber  when  bringing 
it  back  to  room  temperature  and  one  atmosphere  when  it  was  backfilled  with 
nitrogen.  Details  of  the  logging  of  operations  can  be  seen  in  Appendix  B, 
as  well  as  indications  of  facility  parameters  and  engine  operating  conditions. 


At  the  time  of  the  beginning  of  the  contamination  experiment,  the  facility 
had  been  operating  for  one  week.  Gases  such  as  nitrogen,  carbon  dioxide, 
hydrogen  and  ammonia  had  been  injected  in  the  chamber  for  plume  far  field 
mapping  purposes.  There  was  evidence  that  at  the  beginning  of  the  con- 
taminant mapping  experiment  all  the  systems  had  outgassed  all  volatile 
materials  when  maintained  at  the  nominal  operating  temperatures. 
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Water  was  injected  into  the  chamber  at  the  end  of  the  test  in  two  modes, 
1)  as  a wet  mixture  of  GN^  and  H^O  with  container  of  the  order  of  1%  and 
flowed  through  the  thruster,  2)  as  liquid  water  through  auxiliary  nozzles. 
In  both  cases  the  QCMs  were  affected  by  mass  deposits  (see  Figures  32 
and  33). 


"a 
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When  the  chamber  was  open,  no  traces  of  hydrazine  reaction  were  encoun- 
tered on  the  Kapton  coupons  that  were  positioned  on  the  collimators  of  the 
variable  temperature  QCMs. 

C.  Discussion  of  Results 

The  results  as  described  in  this  section  have  been  summarized  in  Table  4a 
and  4b. 

One  can  classify  these  results  in  two  groups  according  to  the  temperature 
of  the  crystals. 

1)  Table  4a  contains  a summary  of  the  QCM's  frequency  changes  when  the 
crystals  were  maintained  at  255,  23®K  (0“F).  No  significant  changes  are 
observed  at  this  temperature,  which  leads  to  the  conclusions  that  the  vapor- 
ization  rate  of  the  contaminants  at  255”  K is  far  higher  than  their  deposition 
rates  for  the  thruster  duty  cycles  explored  in  this  matrix. 


Due  to  a malfunction  of  the  QCM  electronics  at  low  temperatures,  the  filter- 
ing system  of  the  QCMs  had  to  be  adjusted,  which  caused  a frequency  shift 
in  the  QCMs  during  May  15,  1974.  Therefore,  the  priming  of  the  thruster 
(one  of  the  operating  points  of  interest  from  the  contamination  point  of  view) 
was  purposely  not  monitored.  This  is  a special  precaution  to  be  taken  v/hen 
using  a QCM  for  measuring  mass  deposits:  the  setting  points  of  the  instru- 
mentation polarization  voltages  and  narrow  pass  band  amplifiers  used  in  the 
handling  of  the  frequency  signals  should  not  be  operated  during  the  experiment. 
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The  variable  temperature  QCMs  are  compensated  for  temperature  effects 
as  described  in  Section  IVB.  One  of  the  conditions  for  temperature  com- 
pensation was  the  uniformity  of  temperature  through  the  entire  crystal 
doublet.  This  condition  should  be  nearly  fulfilled  with  the  design  adopted 
in  this  experiment,  and  described  in  Section  IVC.  Because  of  the  particular 
departures  of  each  QCM  unit  from  the  optimum  conditions,  small  gradients 
of  temperature  are  encountered  between  each  half  of  the  crystal  doublet. 
These  gradients  depend  on  the  particular  thermal  balance  of  the  QCM  units, 
and  when  multiplied  by  the  temperature  coefficient  may  give  rise  to  fre- 
quency changes.  These  effects  account  for  the  frequency  changes  observed 
in  the  QCMs  when  temperature  is  changed  drastically,  as  in  Figure  25a 
and  28a,  b,  c,  d,  e.  The  same  effect  accounts  for  the  frequency  changes 
observed  during  the  MOLSINK  avalanches  where  the  presence  of  hydrogen 
in  the  chamber  substantially  alters  (by  convective  heat  transfer)  the  thermal 
flow  through  the  crystal  doublet.  Note  also  that  the  response  to  tempera- 
ture changes  and  avalanche  have  different  polarity  at  different  temperatures 
and  for  different  units. 


Although  the  results  of  the  data  summarized  in  Table  4a  are  not  very  con- 
clusive, an  observation  of  Figure  25a  shows  that  the  frequency  of  crystal  A 
does  not  stabilize  to  the  same  value  that  it  had  before  it  was  heated.  Initially 
the  crystal  temperature  was  255.  23®  K.  It  was  heated  to  373®  K,  then  cooled 
back  to  255.  23®  K.  During  this  temperature  excursion  the  frequency 
increased  from  an  initial  value  of  2560  Hz  to  over  2620  Hz,  and  then  down 
to  about  2485  Hz.  This  behavior  suggests  that  the  material  that  was  pre- 
viously deposited  on  the  crystal  was  vaporized  during  the  baking  of  the 
crystal.  Only  in  the  sequence  of  firings  of  May  18,  1974  was  there  seen 
some  accumulation  of  mass  on  some  crystals.  More  pulses  were  fired  on 
this  day  and  the  results  seem  to  confirm  the  hypothesis  of  balance  between 
vaporization  rates  and  deposition  rates  established  above. 

2)  In  view  of  the  small  amount  of  mass  collected  when  running  the  QCMs  at 
255.  23®  K (0®F)  attempts  were  made  to  operate  the  QCMs  at  much  lower 
temperatures.  The  circuitry  used  in  these  QCMs,  however,  produced 
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electrical  noise  at  temperatures  below  about  233*K  (-40*F),  Thus  the  lowest 
temperature  at  which  the  contaminants  could  be  collected  was  set  by  the 
limiting  operating  temperature  of  the  electronics  used  in  the  design  of  the 
variable  temperature  QCMs.  Right  from  the  beginning  one  can  see  in  Fig- 
ure 29  that  at  this  temperature  the  crystals  begin  to  hold  the  deposited  con- 
taminants quite  steadily.  All  the  QCMs  reacted  as  expected  to  thruster 
operation,  mostly  during  the  heavy  duty  cycles  of  days  May  20-21,  1974. 

The  following  day,  May  22,  1974,  also  shows  some  small  mass  deposits  in 
spite  of  the  moderate  number  of  thruster  firings  (see  Figures  29,  30,  31). 

One  anomaly  appears  when  the  frequency  of  some  QCMs  does  not  return  to 
values  below  or  equal  to  those  that  were  present  before  the  w:arming  and 
cooling  of  the  QCM  (see  Figures  29  and  30).  Instead  (compare  Figures  29b 
and  30b)  an  increase  in  mass  deposit  occurs,  which  does  not  agree  with  the 
vaporization  induced  by  the  warm  up  of  the  QCMs.  Although  there  are  no 
grounds  to  confirm  it,  migratory  phenomena  could  be  responsible  for  such  a 
behavior.  Another  of  the  working  principles  of  temperature  compensation 
consists  of  shielding  half  of  the  doublet  from  mass  deposit.  Although  the 
mylar  strip  prevented  the  direct  deposit  of  contaminants  on  the  covered  side 
of  the  doublet  crystal,  it  did  not  prevent  the  migr-.tion  of  mass  from  the 
active  side  to  the  passive  (covered)  side.  There  is  not  much  known  about 
migration,  but  it  seems  that  a trapped  gas  (or  liquid)  on  a surface,  will  move 
on  the  surface  when  the  surface  temperature  approaches  the  vaporization 
temperature  of  the  trapped  material.  It  should,  in  general,  move  toward 
regions  of  lower  energy.  There  is  no  mechanism  in  the  present  QCM  con- 
figuration to  prevent  such  a phenomenon  of  hap;  ning,  although  in  certain 
circumstances  anything  as  small  as  a 10pm  note.,  will  prevent  migration 
across  it. 


Another  point  of  interest  is  the  behavior  of  the  QCMs  during  the  long  pulsing 
of  the  1%  mixture  of  nitrogen  and  water  (see  Figure  32)  that  was  injected 
through  the  thruster  into  the  chamber  during  the  night  of  May  23,  1974  and 
early  morning  of  May  24,  1974.  Only  QCMs  B and  C (closer  to  the  center 
of  the  chamber)  showed  mass  deposits,  which  demonstrates  that  the  QCMs 
were  operational,  and  that  they  were  within  the  sensitivity  range  of  the  water 
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naturally  resident  in  the  hydrazine.  The  rest  of  events  on  May  24,  1974  were 
associated  with  the  procedures  for  ending  this  test  series,  and  no  interpreta- 
tion of  the  QCM  readings  is  attempted  after  this  date  because  of  the  com- 
plexity of  the  operational  procedures.  It  may  be  pointed  out,  however,  that 
the  QCMs  always  showed  sensitivity  to  chamber  operations,  and  they  could 
be  used  to  monitor  the  chamber  environment.  A final  check  of  the  operation 
of  the  QCMs  as  reliable  wall  deposit  instrumentation  was  demonstrated  when 
water  vapor  was  introduced  in  the  chamber  (see  Figures  32  and  33). 


VIII.  CONCLUSIONS  AND  RECOJMENDATIONS 


Based  on  the  above  considerations • the  following  conclusions  are  offered: 

1)  The  low  temperature  QCMs  performed  nominally  and  can  be  used  to 
measure  the  plume  far  field  for  large  turning  angles. 

2)  The  variable  temperature  QCMs  need  improvement.  Their  electronics 
should  be  designed  with  carefully  screened  components,  as  was  done 
with  the  low  temperature  QCMs. 

3)  Feasibility  of  the  methods  and  the  technology  has  been  clearly 
demonstrated. 

4)  Although  no  significant  amounts  of  contaminants  were  measured  at 
QCM  temperatures  greater  than  -18®C,  the  lower  temperatures  (-45“C) 
did  yield  mass  deposits  for  certain  thruster  operating  conditions. 
These  mass  deposits  have  not  been  positively  identified,  but  are 
probably  water,  hydrazine,  or  other  trace  impurities  resident  in 
the  hydrazine.  If  the  results  of  this  experiment  were  to  be 
extrapolated  to  long  time  durations,  the  contamination  amount 
could  jeopardize  many  planned  long-life  satellite  missions. 

5)  Some  of  the  contaminants  have  a vaporization  point  located  between 
-40®C  and  -17.7®C,  and  a postmortem  analysis  of  the  QCMs  still 
showed  some  traces  of  contaminants  detectable  with  the  naked  eye. 

In  view  of  these  results,  the  following  recommendations  are  suggested 

and  some  of  them  are  presently  being  implemented. 

1)  Improve  electronics  of  variable  temperature  QCM.  (Under  way) . 

2)  If  possible  use  another  crystal  cut  for  temperatures  below  200**K  and 
above  100®K  (this  will  minimize  temperature  sensitivity) . 

3)  Conduct  tests  under  controlled  conditions  by  running  the  QCMs  to  a 
temperature  as  low  as  possible  (around  80*K),  and  then  identify  con- 
taminants using  a thermal  gravimetric  desorption  technique.  (Unde, 
way) . 

4)  Study  methods  of  eliminating  migration  effects  in  QCMs. 

5)  Provide  an  efficient  water  injection  scheme  to  calibrate  QCMs  in 
the  MOT  '^TNK.  (Under  way) . 
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Table  4b.  Summary  of  Results  from  the  QCM  Readings  and  Thruster  Operations 
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Figure  5.  TRW-FLT 
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Figure  12.  Schematic  Diagram  of  the  Circuitry  Used 
for  the  Low  Temperature  QCM  Units 


Figure  14b.  A View  of  a QCM  Unit  as  it  is  Installed  for  Operation 


Figure  17a.  QCM  Orientation  and  Positions  in  MOLSINK  Chamber 
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Figure  17b.  QCM  Orientation  and  Positions  in  MOLSINK  Chamber*  One 
Can  See  Also  in  This  Figure  the  Locations  of  the  Variable 
Temperature  QCM’s. 


t BAR  STRUCTURE  FOR 
THRUSTER  MOUNTING 


Figaro  19. 


Low  Temperature  QCM  Mounted  on  MO! -SINK  Walls 
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Figure  20.  View  of  the  5 QCM's  Used  for  Contamination  Mapping 
Location  in  th.e  MOLSIMK  Chamber.  The  Ph  itograpii  lias  been 
from  a Point  Near  th.e  Enyinc. 


and  Their 
Taken 
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Figure  Z1 
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. Frequency  Shift  of  a Low  Temperature  QCM  versus  Time 
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Fig.  23b.  Mass  Flux  Measurements  (Nitrogen) 
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Figure  26a.  Frequency  and  Temperature  Readings  for  Crystal  A 

May  17,  1974 
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May  17,  1974 
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Figure  27a,  Frequency  and  Temperature  Readings  for  Crystal  A 

May  18,  1974 
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Figure  27d.  Frequency  and  Temperature  Readings  for  Crystal  ^ 

May  18,  1974 
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Figure  27e.  Frequency  and  Temperature  Readings  for  Crystal  E, 

May  18,  1974 


65 


TEMPERATURE.  °C  o'  TEMPERATURE, 


TEMPERATURE, 


TIME,  hrs 

Figure  29b.  Frequency  and  Temperature  Readings  for  Crystal  B 

May  20,  1974 


Figure  29c.  Frequency  and  Temperature  Readings  for  Crystal  C 

May  20,  1974 
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Figure  30a.  Frequency  and  Temperature  Readings  for  Crystal  A 

May  21,  1 974 


(STEADY  STATE  AND  PULSING) 

— 

GN,  PURGING  J 

— FREQUENCY 

— TEMPERATURE 

, ^ 

\ f 

50  msec  ON 

200  msec  OFF 

(STEADY  STATE  AND  PULSlNGh 
GN,  PURGING  / 
^ * / 


— FREQUENCY 

— TEMPERATURE 

QCMC 


600  50  msec  ON 

^ 200  msec  OFF 


0 2 4 6 8 10  12  14  16  18  20  22  24  2 

TIME,  hrs 

Figure  30c.  Frequency  and  Temperature  Readings  for  Crystal  C 

May  21,  .’974 
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Figure  30d.  Frequency  and  Temperature  Readings  for  Crystal  D 

May  21,  1974 
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Figure  3 la.  Frequency  and  Temperature  Readings  for  Crystal  A 

May  22,  1974 
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Figure  31b.  Frequency  and  Temperature  Readings  for  Crystal  B 

May  22,  1974 
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May  22,  1974 
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Figure  3 id.  Frequency  and  Temperature  Readings  for  Crystal  D, 

May  22,  1974 
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Figure  3le.  Frequency  and  Temperature  Readings  for  Crystal  E, 

May  22,  1974 
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Figure  32a.  Frequency  and  Temperature  Readings  for  Crystal  A, 

May  23',  1974 
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Figure  32b.  Frequency  and  Temperature  Readings  for  Crystal  B, 

May  23,  1974 
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Figure  32c.  Frequency  and  Temperature  Readings  for  Crystal 

May  23,  1974 
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May  23,  1974 
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Figure  32e.  Frequency  and  Temperature  Readings  for  Crystal  E, 

May  23,  1974 
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Figure  33a.  Frequency  and  Temperature  Readings  for  Crystal  A, 

May  24,  1974 
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jure  33d.  Frequency  and  Temperature  Readings  for  Crystal  I 

May  24,  1974 


Figure  33e.  Frequency  and  Temperature  Readings  for  Crystal  E, 

May  24,  1974 
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Figure  35c.  Frequency  and  Temperature  Readings  for  Crystal  C 

May  26,  1974 
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Figure  36e.  Frequency  and  Temperature  Readings  for  Crystal  E 

May  27,  1974 
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APPENDIX  A 

The  derivaticri  of  Equation  2 in  the  report  follows  quite  easily  from  the 
relationship  of  the  natural  frequency  of  a quartz  crystal  excited  3n  the 
thickness  shear  mode  to  its  thickness.  This  relationship  is  gi\en  by 


tr 

2t 


— ^ 


(Al) 


where  is  the  velocity  of  the  elastic  transverse  wave  in  thickness  direc- 
tion and  t is  the  crystal  thickness.  For  crystals  having  AT-cuts,  the  con- 
stant N is  1.670  X 10^  Hz-mm.  Differentiating  Equation  (AI)  gives  the 
change  of  frequency  df  caused  by  a variation  of  the  thickness  dt: 


df  = dt 


(A2) 


The  thickness  is  given  by  the  expression 


t = 


m 

PA 


(A3) 


where  m,  h and  A are  the  mass,  density  and  area  of  the  crystal  plate 
respect.’.vely.  Differentiating  Equation  (A3),  with  P and  A constant,  yields 


dm  dM 

Ta  = “T 


(A4) 


v/here  dM  is  the  change  of  mass  per  unit  area.  Inserting  Equations  (Al) 
and  (A4)  into  Equation  (A2)  gives 


or  rearranging 
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When  the  resonant  frequency  f (Hz)  is  converted  to  F (MHz)  and  the 

3 . ^ 

ilensity,  P =2.280  gm/cm  , is  introduced  into  Equation  (A5)  the  following 
expression  results  for  the  mass  change  per  unit  area: 


F “ 


(A6) 


2 

This  is  the  desired  equation  where  AM  is  in  gm/cnri',  ^ Is  In  MHz  and 
Af  is  in  Hz.  The  negative  sign  in  Equation  (A6)  is  arbitrary  in  that  it  can 
Lv  changed  in  the  electronics.  The  difference  in  constant,  3.81  as  com- 
pared to  4.  30,  is  due  to  a new  calculation  of  the  density.  The  data  was 
re  luced  using  4.  30  which  results  in  an  error  that  is  12.  8%  high.  Since 
this  is  within  the  »rror  band  of  t.he  data  it  has  been  decided  not  to  redo 
the  di.ta  reduction. 
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I , LOGGING  OF  OPERATIONS 
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May  1 5,  1 974.  The  temperature  of  the  crystals  was  kept  constant  303‘K 
(30“C)  until  9:00.  At  9:00  the  controls  were  set  at  283“K  (lO’C)  and  the 
QCM's  reached  this  temperature  around  11:00.  In  spite  of  the  precautions 
taken  for  the  stability  of  QCM  frequencies,  some  malfunction  of  the  selective 
amp'ifier  introduced  noise  of  the  order  of  5Hz,  which  plagued  the  instru- 
mentation for  several  hours.  At  11:21  engin.  priming  was  initiated.  The 

4 .i  i 

fuel  tank  pressure  was  set  at  27.  17  X 10  N/m'  (25  psig)  and  the  engine  was  | 

fired.  The  pulse  width  was  set  at  200  msec  and  40  pulses  were  fired  to  | 

obtain  evidence  of  repeatability  in  the  pressure  Dulse.  At  11:40  the  tank  I 

4 2 - 

pressure  wp  s set  at  95.  60  X 10  N/m  {125  psig)  and  the  pulse  width  to  200  ■ 

msecs.  .A  total  of  16  pulses  were  fired  at  these  conditions.  After  obtaining  r 

evidence  of  the  reliability  of  the  propulsion  systems,  the  reference  duty  ,• 

cycle  supplied  by  TRW  to  check  the  performance  of  the  thruster  by  observing  ; 

the  temperature  rise  in  the  throat  and  chamber  of  the  thruster-nozzle  wall 

was  repeated.  This  duty  cycle  consisted  of  20  msec  on-time  and  5 secs  off- 

4 2 

time  with  the  tank  pressure  at  102.45  X 10  N/m  (135  psig).  During  the  TRW 
checkout  tests,  this  duty  cycle  required  150  pulses  before  the  temperature 
was  stabilized  at  601°  K (650°F).  In  the  MOLSINK  environment,  however,  the 
temperature  rose  only  to  575°  K (600°  F)  after  150  pulses.  The  test  was 
repeated  again  with  the  tank  pressure  at  95.  60  X 10  N/m  (125  psig)  (which 
corresponds  to  0.  1 Ibf  thrust)  and  after  251  pulses  the  temperature  stabilized 
at  562°  K (580°  F).  The  lower  engine  temperature  results  from  the  higher 
radiation  cooling  rates  within  the  MOLSINK  environment.  This  test  was 
followed  by  17  pulses  of  20  msec  on-time  and  60  secs  off -time.  At  15:28 
the  propulsion  systems  shut  off.  At  17:10  the  QCM's  data  recording  systems 
were  adjusted,  as  well  as  their  polarization  voltage,  in  order  to  stabilize 
the  frequency.  At  the  same  time,  their  temperature  was  also  set  at  255.  23°  K 
(0°F),  a value  which  was  reached  at  17:00.  A total  of  474  pulses  were  -fired 
during  this  day.  Figures  24a,  24b,  24c,  24d,  and  24e  show  the  QCM's 
frequency  and  temperature  readings  during  this  day. 
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May  18,  1974.  The  hydrazine  tank  pressure  was  set  to  operate  the  thruster 
at  the  0.  44  N (0.  I Ibf)  thrust  level.  At  8:49  the  thruster  began  pulsing  at  a 
duty  cycle  of  300  pulses  of  150  msecs  on  and  20  secs  off.  The  duty  cycle  was 
completed  at  10:29.  A second  duty  cycle  was  then  initiated  at  10:43  with  200 
msecs  on,  20  secs  off,  and  ended  at  12:23  after  300  pulses.  The  accumulation 
of  hydrogen  in  the  chamber  exceeded  the  critical  level  and  an  avalanche  was 
triggered.  During  an  avalanche,  the  refrigerator  is  turned  off,  and  the 
MOLSINK  wall  temperature  is  allowed  to  raise  slowly,  desorbing  the  hydrogen, 
which  is  pumped  out  by  the  diffusion  and  mechanical  pumps.  In  this  manner, 
although  the  pressure  in  the  MOLSINK  chcimber  is  allowed  to  raise  up  to 
0.  1 N/m  (*10  torr),  the  rest  of  the  systems  in  the  chamber  are  maintained 
at  the  same  temperature  as  before  the  avalanche,  since  only  the  wall  temper- 
ature is  allowed  to  rise  a few  degrees.  Therefore,  all  the  trapped  gases 
remain  condensed  except  hydrogen,  which  is  pumped  out.  When  the  am-  ui*t 
of  hydrogen  in  the  chamber  is  reduced  to  a desirable  level,  the  pumping  is 
stopped  and  the  refrigerator  restarted,  thus  restoring  the  high  vacuum  in  the 
chamber.  The  whole  operation  takes  less  than  15  minutes.  At  15:28  a series 
of  1000  pulses  of  10  msecs  on  and  100  msecs  off  was  initiated.  The  1000 
pulses  were  given  in  trains  of  approximately  50  pulses.  This  operation  was 
finished  at  16:22  and  the  activities  at  the  MOLSINK  were  terminated  for  the 
day.  A malfunction  in  the  refrigerator  at  24:00  caused  an  avalanche  which 
was  brought  under  control  when  alarm  systems  sounded  at  1:00  of  the  following 
day.  The  temperatures  of  the  QCMs  were  maintained  at  255.  23*  K (0*F) 
during  the  day.  The  temperature  and  frequency  readings  are  presented  in 
Figures  27a,  27b,  27c,  27d,  and  27e.  Some  increase  in  mass  depMSsit  was 
registered  during  this  day,  mostly  in  QCMs  A,  C,  while  QCM  D reacted 
slightly  in  the  opposite  direction.  The  number  of  pulses  during  this  day 
ascended  to  1600  and  the  cumulative  total  pulses  reached  3984  pulses. 

May  19,  1974,  With  the  propulsion  systems  set  to  operate  the  thruster  at  a 
0.  44  N (0.  1 Ibf)  thrust  level  and  initial  temperature  at  477*  K (400*  F),  a 
duty  cycle  of  20  msecs  on-time  and  100  msecs  off-time  was  prepared.  The 
total  number  of  pulses  was  1000  and  the  duty  cycle  was  started  at  9:00.  The 
duty  cycle  was  conducted  in  the  form  of  50  pulse  trains.  The  1000  cycles 
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May  18,  1974.  The  hydrazine  tank  pressure  was  set  to  operate  the  thruster 

at  the  0.  44  N (0.  1 Ibf)  thrust  level.  At  8:49  the  thruster  began  pulsing  at  a 

duty  cycle  of  300  pulses  of  150  msecs  on  and  20  secs  off.  The  duty  cycle  was 

completed  at  10:29.  A second  duty  cycle  was  then  initiated  at  10:43  with  200 

msecs  on,  20  secs  off,  and  ended  at  12:23  after  300  pulses.  The  accumulation 

of  hydrogen  in  the  chamber  exceeded  the  critical  level  and  an  avalanche  was 

triggered.  During  an  avalanche,  the  refrigerator  is  turned  off,  and  the 

MOLSINK  wall  temperature  is  allowed  to  raise  slowly,  desorbing  the  hydrogen, 

which  is  pumped  out  by  the  diffusion  and  mechanical  pumps.  In  this  manner, 

although  the  pressure  in  the  MOLSINK  chamber  is  allowed  to  raise  up  to 
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0.  1 N/m  (*10  torr),  the  rest  of  the  systems  in  the  chamber  are  mainLained 
at  the  same  temperature  as  before  the  avalanche,  since  only  the  wall  temper- 
ature is  allowed  to  rise  a few  degrees.  Therefore,  all  the  trapped  gases 
remain  condensed  except  hydrogen,  which  is  pumped  out.  When  the  am-  ant 
of  hydrogen  in  the  chamber  is  reduced  to  a desirable  level,  the  ptimping  is 
stopped  and  the  refrigerator  restarted,  thus  restoring  the  high  vacutim  in  the 
chamber.  The  whole  operation  takes  less  than  15  minutes.  At  15:28  a series 
of  1000  pulses  of  10  msecs  on  and  100  msecs  off  was  initiated.  The  1000 
pulses  were  given  in  trains  of  approximately  50  pulses.  This  operation  was 
finished  at  16:22  and  the  activities  at  the  MOLSINK  were  terminated  for  the 
day.  A malfunction  in  the  refrigerator  at  24:00  caused  an  avalanche  which 
was  brought  under  control  when  alarm  systems  sounded  at  1:00  of  the  following 
day.  The  temperatures  of  the  QCMs  were  maintained  at  255.  23*  K (0*F) 
during  the  day.  The  temperature  and  frequency  readings  are  presented  in 
Figures  27a,  27b,  27c,  27d,  and  27e.  Some  increase  in  mass  deposit  was 
registered  during  this  day,  mostly  in  QCMs  A,  C,  while  QCM  D reacted 
slightly  in  the  opposite  direction.  The  number  of  pulses  during  this  day 
ascended  to  1600  and  the  cumulative  total  pulses  reached  3984  pulses. 

May  19,  1974.  With  the  propulsion  systems  set  to  operate  the  thruster  at  a 
0.  44  N (0.  1 Ibf)  thrust  level  and  initial  temperature  at  477*  K (400*  F),  a 
duty  cycle  of  20  msecs  on-time  and  100  msecs  off -time  was  prepared.  The 
total  number  of  pulses  was  1000  and  the  duty  cycle  was  started  at  9:00.  The 
duty  cycle  was  conducted  in  the  form  of  50  pulse  trains.  The  1009  cycles 
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were  completed  at  11:38.  QCM  E had  a malfunction  in  the  control 
thermocouple  and  warmed  up  to  429*  K (320*  F),  Operations  were  then 
stopped  to  let  the  temperature  decrease.  In  view  of  the  unsuccessful  col- 
lection of  contaminant  mass  on  the  crystals,  when  operating  them  at 
255.  23*  K (0*F),  a decision  was  made  to  lower  their  temperature  to  about 
233*  K (-40*  F).  Figures  28a,  28b,  28c,  28d,  and  28e  show  the  QCM  tem- 
peratures and  frequency  readings  during  this  day.  Even  though  a temperature 
control  device  was  in  each  QCM  package,  changes  in  frequency  associated 
with  temperature  variation  can  be  detected.  The  refrigerator  presented 
another  anomaly  in  its  function  at  4:00  of  3/20/74  with  no  serious  conse- 
quences. The  small  variations  of  frequency  observed  in  the  figures  for 
some  QCMs  are  probably  due  to  migration  induced  by  the  QCM's  tempera- 
ture variations.  During  this  day  1000  pulses  were  fired,  which  brought 
the  total  number  of  pulses  during  the  test  to  4984  pulses. 

May  20,  1974,  After  several  hours,  the  QCMs  stabilized  and  preparations 
to  operate  the  thruster  were  initiated.  The  thruster  was  set  once  again  to 
operate  at  577*  K (400*  F)  and  0.  44N  (0. 1 Ibf).  The  valve  timer  was  set  for 
100  msecs  on,  400  msecs  off.  At  8:50  a duty  cycle  of  388  pulses  was  started 
and  was  completed  at  1 1:06.  At  this  time  the  refrigerator  was  stopped  and 
the  excess  hydrogen  in  the  MOLSINK  chamber  was  pumped  out.  At  11:20 
the  thruster  was  activated  again  for  1000  pulses  which  took  until  12:10  to 
complete.  The  propellant  lines  developed  a plugging  problem  at  the  end  of 
the  thrusting  and,  therefore,  no  thrusting  operations  were  conducted  during 
the  rest  of  the  day.  Most  of  the  effort  after  12:00  was  directed  toward 
obtaining  a clean  steady  flow  of  gaseous  pure  nitrogen  through  the  thruster 
and  verification  of  repeatability  in  the  MOLSINK  chamber  pressure  pulse 
was  established.  The  QCM's  temperature  and  frequency  readings  are  given 
in  Figures  29a,  29b,  29c,  29d,  and  29e.  The  readings  show  a close  correla- 
tion between  thruster  operation  and  mass  deposit,  particularly  in  QCMs  B, 

C,  and  E.  QCM  A shows  the  same  trend  in  frequency  increase  as  QCM  B, 

C and  E while  QCM  D seems  to  react  in  the  opposite  way.  Since  20  cycles 
of  mass  were  accumulated  on  some  of  the  QCMs,  their  temperatures  were 
increased  and  later  were  kept  at  296*  K (73*  F)  to  observe  the  vaporization 
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At  14:11  the  thruster  was  pulsed  15  times  with  the  duty  cycle  of  10  msecs  on, 
60  secs  off.  At  14:30  the  thruster  was  activated  for  300  pulses  of  10  msecs 
on,  20  msecs  off,  which  concluded  with  an  avalanche  of  the  chamber.  At 
15:28,  15  pulses  were  given  of  20  msecs  on,  ^ 0 secs  off.  The  QCMs  were 
maintained  at  approximately  233”  K (-40“  F)  and  their  temperatures  and  fre- 
quencies are  presented  in  Figures  31a,  3Jb,  31c,  31d,  and  31e.  One  can 
see  that  only  the  first  set  of  firings  at  8:53  resulted  in  any  frequency  varia- 
tion. For  the  rest  of  the  day,  the  frequencies  did  not  vary  appreciably, 
except  during  the  avalanches.  This  is  possibly  due  to  the  short  number  of 
pulses  given  at  the  later  times.  The  thruster  was  fired  1330  times  this  day, 
bringing  the  cumulative  total  to  7914  pulses. 


May  23,  1974.  The  initial  temperature  of  the  thruster  was  set  at  477“  K 
(400°  F)  and  the  module  operated  at  the  0,  88N  (0.  2 Ibf)  level.  The  first  duty 
cycle  was  started  at  8:50  and  consisted  of  15  pulses  of  50  msecs  on  and  60 
secs  off.  It  was  completed  at  9:04.  A second  duty  cycle  of  15  pulses  of 
100  msecs  on  and  60  secs  off  was  conducted  at  9:32.  A third  duty  cycle, 
initiated  at  9:51,  was  made  consisting  of  200  pulses  of  20  msecs  on,  50  msecs 
off.  This  duty  cycle  was  completed  at  11:18,  after  an  interruption  at  10:14 
to  dump  the  chamber  hydrogen,  A fourth  duty  cycle  was  initiated  at  11:36 
having  50  msecs  on  and  200  msecs  off.  One  hundred  and  thirty-eight  (138) 
pulses  were  made  before  an  avalanche  occurred  at  12:14,  after  which  200 
pulses  were  made  and  completed  at  13:25,  Finally,  the  time  controls  were 
adjusted  to  100  msecs  on-time,  500  msecs  off -time,  and  a total  of  106  pulses 
were  fired  until  14:24.  The  operation  was  terminated  because  of  the  failure 
to  detect  a substantial  amount  of  contaminants,  and  also  some  trouble 
developed  at  the  valve  with  new  plugging.  The  lines  were  then  cleaned,  and 
a mixture  of  gaseous  nitrogen  and  traces  of  water  were  run  through  the 
thruster  during  the  night  at  a given  pulse  rate.  QCMs  B and  C seemed  to 
show  some  sensitivity  to  thruster  operations.  The  characteristic  increase 
of  frequency  during  the  night  should  be  noted  for  these  QCMs,  even  though 
some  slight  variations  can  be  observed  in  the  other  QCMs.  Five  hundred 
and  thirty  (530)  pulses  were  fired  this  day,  which  brought  the  total  to  8444 
pulses. 
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May  E4,  l974.  A mixture  of  gaseous  nitrogen  and  water  vapor  was  passed 
through  the  thruster  by  pulsing  once  every  20  seconds  with  a 200  msecs  pulse 
width.  At  9:40,  the  pulsing  was  stopped  and  a series  of  long  30  second  pulses 
were  conducted  for  about  one  hour.  Another  series  of  bursts  of  NH^  were 
made  through  an  additional  nozzle  from  11:00  to  13:30  followed  by  a steady 
state  flow  of  gaseous  nitrogen  and  water  vapor  from  13:40  to  14:13.  At  15:00 
pure  water  vapor  was  introduced  in  the  chamber,  and  at  15:30  atmospheric 
air  was  introduced  by  the  additional  nozzle  for  a few  seconds.  At  this  time 
the  test  was  terminated  and  the  refrigerator  was  shut  off.  At  17:30  the 
chamber  was  warm  enough  (about  30®  K)  to  purge  it  with  gaseous  nitrogen  at 
a pressure  of  (1  torr).  The  temperature  of  the  QCMs  was  kept  at  about 
233®  K (-40®  F),  and  except  for  QCM  E,  which  shov/ed  a fluctuation  of  about 
1 Hz,  the  rest  of  the  QCMs  did  not  experience  any  variation  until  11:00, 

At  this  time,  there  were  several  bursts  of  NH^  which  triggered  overpressures 
in  the  chamber,  and  together  with  a temporary  power  loss  in  the  QCM  heaters, 
caused  the  QCM  temperatures  to  drop  a few  degrees.  The  original  temper- 
ature was  recovered  and  a steady  flow  of  the  wet  nitrogen  mixture  was 
allowed  to  flow  until  14:14,  with  the  corresponding  increase  in  mass  deposit 
shown  by  all  crystals.  At  the  moment  of  the  steam  injection,  one  can  observe 
QCMs  B,  C and  E accepting  mass,  while  QCMs  A and  D desorb  mass  at 
practically  the  same  rate  as  if  no  water  injection  had  taken  place.  Atmo- 
spheric air  injection  did  not  seem  to  affect  the  crystal  readings,  while  cham- 
ber back  filling  operations  affected  the  QCM  readings  drastically  (see  Fig- 
ure 33a,  bj  c,  d,  e). 

May  25,  1974,  The  temperature  and  frequency  readings  were  recorded  and 
are  shown  in  Figure  34a,  b,  c,  d,  e.  At  10:00  the  gaseous  nitrogen  purge 
was  turned  off,  the  liquid  nitrogen  in  the  inner  liner  shut  off,  and  the  chamber 
was  allowed  to  come  slowly  to  thermal  equilibrium  with  ambient  temperature, 
although  it  was  kept  under  vacuum. 

May  26,  27,  1974,  Figures  35a,  b,  c,  c*,  e and  36a,  b,  c,  d,  e show  the 
QCM  temperature  and  frequency  readings  as  the  chamber  temperature  and 
pressure  were  brought  up  to  287,  2®K  (58*F),  and  about  one  atmosphere, 
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respectively.  The  reason  for  the  warmer  than  room  QCM  temperature  is 
due  to  purging  the  chamber  with  warm,  dry  gaseous  nitrogen  on  the  last 
day  of  operation. 


